Intermitted patterns of solar and wind generation cause insecurity in the power
Introduction
European Union (EU) has issued a series of laws and policies which seek to encourage a higher energy production from renewable energy sources (RES) in order to reduce pollution, enhance the exploitation of its own natural resources and to achieve the independence of the energy sector. European countries accepted targets of the Directive 2009/28/EC [1] , so called the Renewable Energy Directive, which makes the EU one of the most advanced groups of nations in promoting renewable energy production. According to the EU, the Republic of Croatia has published its own Energy Strategy, which among other goals seeks to achieve 20% of RES, including large hydropower plants, in the final energy consumption by 2020. Croatia has set up a goal to maintain the level of 35% of a share of electricity genera--------------- tion from renewable energy sources, including large hydropower plants, in overall electricity consumption until 2020. Energy sectors in Croatia participate with approximately 75% in total greenhouse gas emissions. Croatia is currently importing about 50% of its energy demand, where oil and oil products are represented with 50% and natural gas with 25%. Projections show a global increase in the energy consumption for about 50% until 2030, which indicates the need for new sources of energy in the future. In order to increase security and supply competitiveness, Croatia is decided for elastic energy system with various renewable energy sources (wind farms, biomass power plants, small hydro power plants, solar power plants, waste to energy power plants, geothermal power plants) and energy supply courses and improvement of energy efficiency. The goal is to use 84 PJ of renewable energy sources in 2020 [2] . Negative environmental impact caused by the energy production from the conventional energy sources, exhaustible nature of fossil fuels and rise of oil prices emphasize the need to integrate RES into the power systems, which have promising economic, social and environmental benefits.
Different methods in achieving stable integration of solar and wind electricity production in the energy system
Higher interest in renewable production in recent years has led to an increase in the installed photovoltaic (PV) systems and wind power plants, causing insecurity in the system power supply. Solar and wind energy production have insecure and random generation patterns as they depend on weather and climate changes. Because of the stochastic behaviour of wind speed and solar radiation, wind and solar energy production are hard to predict. Previous studies have shown that the stochastic behaviour of wind speed and solar radiation can be described based on the analyses of meteorological data of wind speed, sunshine duration and solar radiation. It has been estimated that the Weibull and Gamma distributions can be appropriate to represent wind speed while the Beta distribution is approved to be suitable for the relative sunshine duration [3] . The analyses based on the European meteorology data derived the same results [4] . Intermittent RES electricity production can cause an excess or a lack of production, resulting in the overloads of the system power grid. The results from the previous studies showed that the production system has better performance when solar and wind energy productions are combined instead of alone PV or wind generation system. It is concluded that the optimal mix and appropriate placement and sizing of RES could lead to many positive effects in the system, like improving voltage stability, reducing lower network losses and enhancing loadability of lines [5] .
Many studies have been done for the analyses in this field, providing different solutions to maintain security of the power system and to achieve its flexibility and stability. Results in study [6] showed that the high variable RES integration in the power system causes high uncertainty. The authors suggested that the RES electricity production should be combined with storage facilities, combined heat and power systems and power plants, which fuel can be easily stored, as well as the cross-border transmission capacities, which can contribute to the efficient utilization of RES. In study [7] , the model of microgrid is presented, which aims to match electricity production from RES and the electricity demand by combining storage facilities and electricity prices. Hybrid energy systems, including PV and wind energy systems with battery storage, are shown to be more reliable and cost effective, due to the complementary nature of these two resources. Another study [8] provides an extensive literature overview of 140 journal articles of stand-alone and grid connected hybrid systems. In [9] two hybrid systems were analysed. First one included PV panels, biomass gasifier and storage in a battery bank and in the other one the existing configuration is added with wind generator. First system showed better results and seemed to be able to cover the residential electricity demand profile in a flexible and a reliable way with a very low level of losses. Concept of a model for a future building of self-sustainable house, with solar power production and electric vehicles (EV), in region of Croatia, was presented in [10] . Results of three different scenarios were presented. The third scenario with EV charging control and home demand side management can consist of 100% renewable energy production.
Study [11] is presenting a model of forecast errors of wind power generation with battery storage. Correlation analysis between electricity prices and wind generation was done in order to achieve flexibility and stability of the German power system. Wind and solar energy generation forecast and the power system operation mainly focuses on the immediate short-term of seconds to minutes, a short-term of hours up to two days and medium-term of two to seven days. Short terms are usually statistically based. Authors in [12] presented a detailed overview of current methods and recent advances in wind power forecasting. Several forecasting models, for wind speed and power on a different time scale, were discussed in [13] [14] [15] . Another study in [16] is providing a classification according to forecasting data; wind speed forecasting (indirect method) and wind power forecasting (direct method). The authors suggest combining different physical and statistical models to achieve good results both in long term and short term forecasting, as well as further research on the practical application of the methods, not only in theoretical. Results of a new model for wind power forecasting, according to the measured data of wind speed and power obtained from a wind farm in northern Sicily, are presented in [17] . One new method is proposed in [18] for short-term wind power and speed forecasting. Study [19] gave the results of the solar forecasting model in short and medium-term. Other studies, [20] and [21] , provided the results for incorporating wind speed and solar radiation forecasting models. Besides solar and wind forecasting, study [22] presented a model for electrical load forecasting which had achieved a great success in industry recently. Author concluded that the hourly temperature is critical for the hourly load forecasting and that their system needs to improve the performance with this type of data. Loads in weekends show different patterns and are more difficult to predict and further work needs to be done to improve the accuracy in weekend load prediction.
Wind and solar electricity production profiles should complement each other as much as possible in order to provide stability of the power system with high electricity production from RES and minimise the need for additional storage and production units. Largescale complementarity between the monthly data of wind and solar electricity production showed good correlation between two sources of energy, while medium-scale of daily data provides medium-term complementarity and a small-scale of one hour data shows even less complementarity [23] . Besides the complementarity between wind and solar electricity production, analyses should be done in complementarity between RES production and electricity demand profiles. Analysis of the complementarity between the wind production and the electricity demand profile done in [24] , shows weak correlation between both profiles and ramping issues. Correlation analyses between electricity load and weather conditions were obtained for three buildings providing the results of response of the office building electricity consumption to the weather conditions. Results showed that a temperature and a specific humidity have significant influencing factors for electricity consumption, while the wind speed statistical testing results were not significant [25] . Study [26] provided results of correlation analyses between the electricity load curve and statistical data for wind speed and solar irradiation for a typical year and a typical day. The results provided a good correlation for a typi-cal year and a typical day between RES potential and electricity demand, which encourages higher RES integration into the power system and electricity production in more environmentally friendly manner than fossil fuel power plants. Results also showed complementarity between wind and solar energy and hydroelectricity, which is the region's main energy resource. Stability of the power system, with a high production from RES, depends on the geographical system size. Larger energy systems have fewer requirements for flexibility than the smaller ones [27] . Flexibility requirements of the European power systems will depend on the optimal mix of RES and their share, balancing area size, as well as aiming at transnational solutions as the most efficient way for large-scale integration of RES. Analyses of the operational timescales beyond 12 hours are relevant for developing a long-term storage system as a part of stability and flexibility for integrated RES. Flexibility requirements in the time horizon of minutes are important for the design of automatic generation control schemes. One way of achieving flexibility in the system will be presented within this work, where the calculations will be based on the 10 minute time data.
All of the previous presented studies gave some kind of solution in order to enhance the integration of RES into the power systems. Stability and security of those systems could be achieved by taking into consideration weather analyses and forecasting, storage facilities and electricity market. Good operation and management of the power systems with a high production from RES will be hard to achieve without using information and communication technologies (ICT-tools), which would help in control of the system energy flows. The entire electricity infrastructure and associated socio-technical systems including the system operation, supply, generation, consumers, transmission and distribution networks and market mechanisms will need to evolve to realize the cooperation and maintain security of the grid, so called smart grids [28] [29] [30] . Studies [31] and [32] presented standards for power utility communication which help to ensure a smooth and a reliable activity in the network. Beside the smart grids, power systems should be arranged as smart energy systems which use new available technologies and infrastructure that create new forms of flexibility and use RES in a more efficient way. The smart energy system includes all sectors of the energy system, providing flexibility by combining electricity, heat and transport sector, to compensate lack of flexibility due to the production of energy from RES [33, 34] .
Aims of the research work
The Dubrovnik region has a high potential in RES, mainly high wind and solar potential. The aim for the future energy plan of the region's power system is to integrate high share of RES in the electricity production. Literature overview, provided within this work, presented different methods for stable integration of solar and wind power into the power system. Stability and flexibility of the system can be achieved through electricity storages, using forecast models, correlation analysis or arranging power system as a smart energy system. Linear correlation and regression will be used within this work to provide the results of complemetarity between solar and wind potential and electricity demand. Those results could be helpful in future energy system planning of the Dubrovnik region, as well as other regions. Literature provided within this work, dealing with the correlation analyses between the data on potential of RES and electricity demand, was based on the hourly and monthly time step. This work will provide the results of the linear correlation and regression analyses for the data on the 10 minute time step. Analyses based on the short-term scale could be meaningful for the future energy systems with an open electricity market based on the short-term scale, as well. The results from this study will be compared with the results from the previous studies.
Calculations are done between the selected parameters of solar radiation, wind speed, air temperature and electricity demand of the Dubrovnik region in a short-term scale, the 10 minute time horizon, and a medium-term scale, mean monthly data. Data for the selected parameters were collected for the years 2012, 2013 and 2014. Correlations are done for each of the parameters individually between the selected years in order to obtain results for the linear correlation and regression of the parameter distributions. The aim of this work is to provide the results of the linear correlation and regression for four different sets of data: -correlation and regression of the 10 minute data for each of the parameter individually in between the years, -correlation and regression in between the parameters for the consecutive three year period base on the mean monthly values, -correlation and regression in between the parameters for the consecutive three year period base on the (1) 10 minute time step, (2) 10 minute time step including system time delay, and -correlation and regression of 10 minute data in between the parameters for the consecutive three year period base on the (1) Winter period, (2) Summer period.
Methods
Previous study [35] on the energy plan of the Dubrovnik region showed that the integration of high share of RES and EV batteries in the electricity system still results in the critical excess of electricity production. These results indicate a demand for a larger capacity of storage facilities or new solutions to gain stability and flexibility of the system, in order to reduce a critical excess of electricity production. Gained results indicate the need for further future work in order to encourage the integration of RES into the power system and maintain its stability and flexibility. One of the solutions will be obtained within this work through the correlation and regression analyses in between RES potentials and electricity demand. Calculations of the linear correlation and regression will provide the results, based on which it can be estimated a complementarity between solar and wind potential and their complementarity with the electricity demand of the Dubrovnik region. The results could help in the future energy planning of the region's power system and enhance the integration of RES in the electricity production. Further work can be done, based on these results, in order to estimate optimal mix of RES in electricity production according to the electricity demand of the region. Studies [23] [24] [25] [26] , mentioned earlier in the text, have shown the results of the correlation analyses between the RES potential and electricity production and the electricity demand load on the monthly and the hourly bases. This work will go a step further and will provide the results of the correlation and regression analyses in the 10 minutes time horizon for different sets of selected data. Results of the calculations based on the 10 minute time step data can play a significant role for the possible future open energy market based on the 10 minute time step. Implementation of open energy market could also enhance the integration of RES into the power system, as well as help to reduce critical excess of electricity production.
Measuring and preparing the input data
The data of the parameters used in the analyses, including solar radiation, wind speed, air temperature and electricity demand, are collected for the years 2012, 2013 and 2014 [36] . Measured data are gained from the meteorological station Dubrovnik. The device for measuring wind speed was anemometer with a performance of hemisphere and accuracy of ±5% (5-75 m/s), with a range of 0.5-75 m/s. The equipment for measuring solar radiation was CMP21 Pyranometer with the specifications provided in reference [37] , CVF4 Ventilation Unit for global radiation measurements with the specifications provided in [38] and CM121 Shadow Ring for diffuse radiation measurements with the specifications provided in [39] . Air temperature was measured with Campbell-Stokes heliograph and Lambrecht thermograph. Heliograph measures radiations higher than 0.838 J/cm 2 per minute and when Sun is three degrees above the horizon. Thermograph measurement uncertainty is around 0.3 degree in the standard 10 degrees Celsius. Electricity demand data of the Dubrovnik region are provided by Elektrojug Dubrovnik -HEP ODS Ltd., the distribution system operator, for the years 2012, 2013 and 2014 in the 15 minute time horizon [40] . Electricity demand data were arranged in the 10 minute time horizon using linear interpolation.
Diagrams in fig. 1 show the distributions of mean monthly values of the selected parameters for each year normalized to their maximum value. A stands for distributions in 2012, B for 2013 and C for the year 2014. It can be concluded from the diagrams that the electricity demand depends on air temperatures. During the summer period, June, July, August and September, electricity demand increases as the temperature increases due to the need of cooling demand. During the winter period, January, February, November and December, electricity demand increases as the temperature decreases due to the need of heating demand.
Wind electricity production could be used to supply most of the electricity demand during the winter period due to the higher values of wind speed. On the other hand, solar electricity production could be used to supply most of the electricity demand during the summer period due to the high solar radiation. The problem with collected data of solar radiation, wind speed and temperature was that some of the data are missing. The data are missing mostly from the summer period of July and August. Solar radiation, for example, should reach its maximum during July and August, but because of the lack of data we have maximum during May and June. Results in tab. 1 show maximum and minimum mean monthly values for each of the parameters for every year. 
Linear correlation and regression
The linear correlation and regression analyses are done for the different selected sets of data in order to establish the relationship between the parameters. First analysis (1) is done for each of the parameters individually to examine a linear relationship between the 10 minute data, t = 10 min, in between the years. Second analysis (2) is done in order to establish a linear relationship in between the parameters for each of the selected years separately based on the mean monthly values. Third set of data (3) were data of all the parameters arranged in 10 minute time step through the year, with the additional analysis which included system time delay between the electricity production and the demand. Electricity demand and air temperature are arranged for the period of t = 10 min and solar radiation and wind speed are taken for the time step of t 1 = t + 4 h. Since the meteorological data are different for different parts of the year, for example difference between the data of winter and summer period, the last analyses (4) are done for summer and winter periods. Summer period for each year was determined according to the highest temperature and highest peak electricity demand for three months in a row. Winter period for each year was determined according to the lowest temperature and highest peak electricity demand for three months in a row. The linear correlation and regression analyses are done for the data arranged in 10 minute time step between each of the parameters for two periods of each year separately.
Analyses are based on the model of simple linear regression and correlation providing the results of correlation coefficient, coefficient of determination and linear regression line between selected parameters. Calculations are done in STATISTICA, a comprehensive analytic, research and business intelligence tool used in business, data mining, science and engineering applications [41] . Calculations in STATISTICA, for this study, are based on basic formulas of linear correlation. Flow chart in fig. 2 is presenting a method used in this work. Formula in fig. 2 is presenting a basic formula of linear regression line gained from the calculations of the linear correlation were we have: --dependent variable, --independent variable, -a -constant, the expected value of the dependent variable when the independent variable is zero, and -b -regression coefficient shows the average change in the dependent variable caused by the change of the independent variable. Dependent variable in other case can also be observed as an independent variable and a and b values will be different for that regression line. The coefficient of determination, r 2 , is a key output of the regression analysis. It is interpreted as the proportion of the variance in the dependent variable that is predictable from the independent variable. The Pearson prod-uct-moment correlation coefficient, r, illustrates a quantitative measure of some type of correlation and dependence, meaning statistical relationship between two or more random variables or observed data values. Results of the calculations between the variables show significant relationship, p < 0.05, meaning there is a good probability that the observed relation between variables in the sample is a reliable indicator of the relation between the respective variables in the population. Value of correlation coefficient indicates significant linear correlation between the variables E n , I n and T n , which means that their distributions in 10 minute time step slightly vary between consecutive three years period and they can be forecasted using linear regression line. Correlation coefficient for V n distribution is close to 0 which means that the wind speed is hard to predict and data vary in between the years. 
Results and discussion
Linear correlation and regression are done for the different sets of data based on the mean monthly values and 10 minute time step as it is explained in sub-section 1.2. The results of the calculations are provided in the following sub-sections.
Calculation results of the second set of data based on the mean monthly values
Analyses of the second set of parameters (2) [26] showed that r = 0.46 in case of E vs. I, while in case of E vs. V was r = 0.29. Good correlation results are provided for T n vs. I n , T n vs. V n and V n vs. I n . Study done for Italy [22] compared V vs. I on monthly bases and provided the results of correlation coefficient reaching values lower than −0.8 in several areas and for the nation-wide gained values were between −0.65 and −0.6, while the value of r was even closer to 0 for the daily based data. Linear regression line can be written using the equation of linear regression and the gained results. The analyses of the third set of data (3) are done for each year separately to establish a linear correlation and regression in between the selected variables based on the 10 minute time horizon. The results are provided in tab. 4. Case A represents the results of the calcula-tions done for the time step, t = 10 min, and case B represents the results for including system time delay, t 1 = t + 4 h, for each year separately. Additional analysis has been done based on the data set of 10 minute time horizon (4) , where the calculations are done to establish the relation between selected variables in two periods of each year. Diagrams in fig. 1 show that the wind and solar potential vary during the year. Solar radiation has its maximum during the summer period while wind speed has its maximum during the winter period. Accordingly, two periods of each year are selected to be analysed. Summer period for each year was determined according to the maximum air tem-perature and maximum peak in electricity demand for three months in a row, June, July and August as show in fig. 1 . Winter period is taken to be a period of three months in a row with a lowest air temperature and highest peak in electricity demand. For 2012 and 2014 it is taken to be for December, January and February, while for 2013 is taken to be for January, February and March as show in fig. 1 .
Results of the linear correlation and regression are given in tab. 5, 6 and 7. Each table represents each year with case A and B. Case A shows the results for the selected summer period and case B shows the results for winter period. The results are different when comparing two periods for each year. It can be seen from the results that the solar radiation has better correlation with electricity demand during summer period. Wind has a positive correlation with electricity demand, which means when wind increases demand increases, as well indicating that the wind could be a good energy resource during the winter time. Although r value is close to 0 and the relation between variables cannot be pronounced with linear regression line. Wind has a good positive correlation during the summer period in 2014 indicating that wind could be a good energy resource during the summer time, as well.
Conclusions
The aim of this work was to provide the results of the correlation and regression analyses in a short-time scale and question linear relationship between electricity demand and meteorological data. Gained results could help in future energy system planning of the power system with a high share of RES, for the Dubrovnik region, as well as other regions. Correlation analyses of the first set of data provided results of strong correlation for solar radiation, air temperature and electricity demand distribution between selected years, showing low variation of data in between the years. These results indicate the possibility of a good data forecasting using equations of linear regression line in the 10 minute time step, thus contributing to the future energy system planning. Analyses on wind speed data gained weaker correlation results which means they cannot be pronounced with linear regression line. Air temperature is shown to be a reliable factor used in predicting solar radiation and energy demand.
Linear regression and correlation analyses of the second data set, based on the mean monthly values of the selected variables, gained similar values of correlation coefficient as in the previous studies done for other regions. Results indicate very significant relation of I n vs. V n with −0.86 < r < −0.81, meaning that the solar radiation increases as wind speed decreases, which indicates the possibility of combining these two sources in electricity production. 2014 yield representative and significant results for E 2014 vs. I 2014 with correlation coefficient in value of 0.64 representing solar radiation as a good power source. Correlation of E n vs. V n with −0.48 < r < −0.23 indicated negative correlation and was not significant for each year. This study approved combination of wind and sun in electricity production for the selected region. These RES, along with hydro potential, will be considered as the main energy sources for electricity production in our future work of planning the energy system with a high share of RES.
This work went a step forward from previous studies and provided results of the linear regression and correlation between the selected parameters for the 10 minute time step. Correlation results indicate a decrease in correlation coefficient values with a slight improvement when system time delay was considered. The results were more improved when we analysed the relation between the variables for the summer and winter period separately. Our further work will deal with energy plan models and energy market based on the short-term scale. Since the results of this study indicated weak relations between the variables based on the 10 minute time step, especially for the wind speed data, further work needs to be done in order to enhance the integration of RES in the power system production. Additional flexibility will have to be ensured in order to achieve stability in the power system and to accomplish the targets of the electricity production in Croatia by 2020, mentioned in section 0. Additional flexibility can be achieved through additional storage facilities, optimisation using market electricity prices, implementing ICT-tools, as well as combining electricity, heat and transport sector. Correlation analyses between the data will certainly impact the decrease of flexibility requirements, but there will still be the need for some flexibility in the system. Correlation and regression results based on the mean monthly data can be helpful in energy system planning to determine the type of sources used in electricity production, their installed capacities and optimal mix. Results based on the 10 minute data showed that the electricity demand, solar radiation and air temperature can be easily forecasted in a short-term scale. Future energy markets will be arranged in a short-term scale, where ICT-tools will help in energy flow regulation which will be controlled by energy prices. Energy prices will depend on the energy production and energy source, and correlation and regression analyses could provide useful results for future smart energy system planning. In our future work we will deal with energy system planning with a high share of RES in electricity production, based on the short-term scale, in order to reduce the pollution and achieve flexibility and stability of energy system.
